Hypoglycemia has been considered as a major barrier to achieving the proper glycemic target in type 2 diabetes mellitus patients. In particular, severe hypoglycemia (SH), which is defined as a hypoglycemic episode requiring the assistance of another person to raise the patient's glucose level, is a serious complication of diabetes because of its possible fatal outcomes. Recently, the recommendations for diabetes care have emphasized a patient-centered approach, considering the individualized patient factors including hypoglycemia. Many studies have been performed which analyzed the risk factors and clinical outcomes for SH. From the studies, researchers recommend that targeting a less stringent glycosylated hemoglobin level and selecting a safer class of drugs for hypoglycemia are appropriate for patients with a high risk of SH. Also, careful clinical attention to prevent hypoglycemia, including intensive education, is necessary to minimize the risk of SH and SH-related fatal outcomes.
INTRODUCTION
Hypoglycemia is common and may have serious clinical consequences for diabetes treatment. Hypoglycemia is categorized as either mild or severe according to the severity of the episode and whether requiring external assistance or being self-limiting [1] . In particular, severe hypoglycemia (SH) causes a significant burden on patients, their care-giver, and medical staff [2] . Although the prevalence and incidence of SH are relatively low, several studies have reported that SH can cause serious adverse outcomes, such as seizure, coma, myocardial infarction, residual neurological impairment, or death [3] . Tight control of blood glucose level in type 2 diabetes mellitus (T2DM) has benefits of reducing the risk for developing diabetic complications [4] . However, large randomized clinical trials failed to demonstrate that intensive glycemic control targeting a glycosylated hemoglobin (HbA1c) level of less than 6.5% improved the cardiovascular outcomes, and some patients rather experienced SH episodes, which is expected to be associated with cardiovascular events and mortality [5] [6] [7] . In this regard, many clinical practice guidelines including the American Diabetes Association, the European Association for the Study of Diabetes, and Korean Diabetes Association recommend a patient-centered care for diabetes management with individualized glycemic target according to patient's condition, and emphasize to avoid the potential risks of hypoglycemia [8] . Like other diabetic complications, prevention is the best cure for SH, and recognition of associated risk factors is the first step.
In this review, we will discuss the main risk factors and adverse clinical outcomes of SH in T2DM.
ommend targeting an HbA1c level less than 6.5% to 7.0% [9, 10] . Although tight glycemic control contributed to reducing diabetic microvascular complications, it also resulted in a higher burden of treatment, higher costs, more adverse drug reactions, and an increased risk of hypoglycemia episodes. The largest trial was Action to Control Cardiovascular Risk in Diabetes (ACCORD) which registered over 10,000 patients and randomized them to receive either intensive (target HbA1c <6.0%) or conventional (HbA1c, 7.0% to 7.9%) treatment [6] . The ACCORD trial showed that the intensive treatment group had a significantly higher incidence of SH (16.2% vs. 5.1% during 3.5 years). In the Action in Diabetes and Vascular Disease (ADVANCE) study, the duration of diabetes and baseline HbA1c of registered patients were higher compared with the patients in ACCORD. In this trial, SH also showed a higher incidence in the group with intensive treatment compared to the group with conventional treatment (2.7% vs. 1.5% during 5.0 years) [7] . In Veteran's Affairs Diabetes Trial (VADT), the incidence of SH in the intensive treatment group was two times higher than in the conventional treatment group (8.5% vs. 3.1% during 5.6 years) [5] . Kelly et al. [11] and Ray et al. [12] assessed the effect of differential glycemic control on SH from a meta-analysis including five large randomized controlled clinical trials (UK Prospective Diabetes Study [UKPDS], PROspective pioglitAzone Clinical Trial In macroVascular Events [PROactive], ADVANCE, VADT, and ACCORD) and showed that intensive compared with standard glycemic control increased to almost double the risk of SH. From the results of ACCORD, ADVANCE, and VADT trials, 'one-size-fits-all' strict glycemic target has not been recommended. Nevertheless, a recent large-scale retrospective study showed that 20% of United State patients with T2DM received unnecessary intensive treatment, and the risk probability of SH was doubled with the intensive treatment group compared with the conventional treatment group in patients with a high comorbidity burden [13] . They emphasized the danger of not only a failure to intensify treatment but also a failure to deescalate treatment in response to low HbA1c levels. These studies suggested that a practical clinical approach might be to reduce HbA1c steadily to avoid SH.
Antecedent hypoglycemia
The defective hormonal counter-regulatory response to hypoglycemia or failure to recognize the impending event of hypoglycemia is a well-known risk factor of SH [14, 15] . Recurrent hypoglycemia attenuates defenses against subsequent hypoglycemia and leads to hypoglycemia associated autonomic failure in patients with advanced T2DM. Here, recurrent hypoglycemia causes both defective glucose counter-regulation by attenuating the adrenomedullary epinephrine response, and hypoglycemia unawareness. Thus, hypoglycemia can trigger a vicious cycle of recurrent hypoglycemia. Quilliam et al. [16] suggested that a previous incidence of hypoglycemia was an independent predictor of SH in T2DM patients. In addition to traditional risk factors associated with hypoglycemia, they evaluated the increased rate of inpatient admission for SH after outpatient medical ( 18.15) for hypoglycemia in the previous 6 months. In another prospective cohort study, a history of SH was associated with a hazard ratio (HR) of 6.6 for subsequent SH episodes [17] . From our report, about 22.4% of patients with SH experienced previous hypoglycemic events within 3 months [18] .
Most of these studies found that the association between antecedent hypoglycemia and SH showed that a prior history of hypoglycemia is one of the strongest predictors of all SH events [16, 17, 19] . The avoidance of hypoglycemia through careful management has been shown to reverse the defective glucose counter-regulatory hormone and hypoglycemia unawareness [20, 21] . Therefore, strategic modulation of glycemic targets is a treatment option that should be considered in the month following an SH episode.
Renal impairment
Renal impairment is considered an independent risk factor of SH. The kidney has an important role in metabolizing circulating insulin, reabsorbing filtered glucose, contributing to gluconeogenesis, and excreting drugs and their metabolites with blood glucose lowering agents [22] . Therefore, kidney impairment reduces the ability to clear hypoglycemic agents, the degradation of insulin in peripheral tissues, gluconeogenesis, and insulin metabolism which can predispose a patient with chronic kidney disease (CKD) to hypoglycemia. In non-diabetic healthy people, the liver and kidney equally contribute to the increase in gluconeogenesis and glucose release into the circulation during the hypoglycemia [23, 24] . However, the counter-regulatory response to hypoglycemia may be defected by impaired gluconeogenesis or a glycogen reserve deficiency caused by uremia-induced anorexia in patients with renal im-pairment [25] . Also, CKD patients may be malnourished and experience muscle wasting, which decreases hepatic glycogen stores and the availability of gluconeogenic substrates. In the ACCORD trial, an albumin/creatinine ratio greater than 300 mg/g or a serum creatinine greater than 1.3 mg/dL was associated with a significantly increased risk of SH [26] . In AD-VANCE, for each μmol/L increase in serum creatinine, the risk of an SH event increased by 1% [27] . Davis et al. [17] suggested that the patients with estimated glomerular filtration rate (eGFR) <60 mL/min/1.73 m 2 had a 3-fold increased risk of SH (HR, 2.90; 95% CI, 1.68 to 5.00; P<0.001). We also previously reported that the patients who had a macroalbuminuria level (urinary albumin excretion ≥300 mg/day) even with a normal eGFR level had an independently increased risk of SH with T2DM [19] . Not only decreased renal function but higher level of albumin excretion in patients with T2DM is needed to be paid attention for the development of SH.
Cognitive dysfunction
Hypoglycemia constitutes a threat to the overall health of the individual because the brain depends entirely on glucose as main metabolic energy source and rapidly malfunctions which causes neuroglycopenia [28] . Physiological defenses against a falling glucose concentration include behavior change via the central nervous system or its afferent or efferent connection, such as carbohydrate ingestion prompted by neurogenic symptoms. Due to this normal neurological response, hypoglycemia is overcome appropriately. With increased number of old patients with advanced T2DM, people with T2DM accompanied by cognitive dysfunction become increase [29] . Moreover, the prevalence of dementia (Alzheimer or vascular dementia) has been reported higher in T2DM than that of general population [30] . Impaired cognitive function underlies much of the immediate morbidity associated with hypoglycemia [28] . Impaired cognitive function promotes erratic and irrational behavior, induces confusion and affects vision and balance, which can result in falls and accidents, and sometimes has more serious neurological consequences.
Cognitive dysfunction was evaluated as a risk factor for SH. In a post hoc analysis of the ACCORD trial (ACCORD-MIND), poor cognitive function (measured by Digit Symbol Substitution Test) increases the risk of SH (HR, 1.13; 95% CI, 1.08 to 1.18) in patients with T2DM [31] . In ADVANCE, severe, but not mild, cognitive dysfunction (measured by the Mini Mental Status Examination) increased the risk of SH (HR, 2.10; 95% CI, 1.14 to 3.87) [29] . The relationship between cognitive status and SH was not different between the intensive and conventional treatment group in both trials [29, 31] . To prevent hypoglycemia, intact cognitive function to regulate activity levels and dietary pattern, recognizing symptoms and responsiveness related with glycemic levels, predicting situations in which hypoglycemia may occur, and initiating appropriate mitigating actions are essential [32] . This is a demanding process that could cause greater difficulties for patients with severe cognitive impairment. These studies suggest that cognitive function should be evaluated when managing people with diabetes, and that for people in the lower range of cognitive function, health care providers should pay attention to the patients to prevent SH.
Others
Age and the duration of diabetes are probably significant predictors for development of SH in those with T2DM. In the AC-CORD study, the incidence of SH increased with age (HR, 1.03; 95% CI, 1.03 to 1.07) and duration (<5 years vs. ≥16 years; HR, 1.37; 95% CI, 1.09 to 1.73). In the Hong Kong Diabetes Registry, a 10-year increase in age was associated with a 2-fold higher risk of SH (HR, 1.92; 95% CI, 1.68 to 2.20) [33] . Previous reports suggested that the SH risk rose with a longer duration of insulin treatment [34] [35] [36] . These results supported that with advancing β-cell failure, people with long duration of T2DM progressively resemble those with type 1 diabetes mellitus in terms of the increased risk of hypoglycemia. Although the results of the association between body mass index (BMI) and hypoglycemia shown by previous studies are still controversial [17] , several studies suggested that lower BMI was associated with an increased risk of SH [26, 27, 33] . Low BMI can represent the state of catabolism and malnutrition. Also, a linear correlation between BMI and β-cell mass has been reported in those with T2DM [37] . Thus, lower BMI patients can be vulnerable to hypoglycemic events. The studies reporting risk factors of SH are summarized in Table 1 .
ADVERSE OUTCOMES OF SEVERE HYPOGLYCEMIA SH and mortality
It has been reported that the patients with T2DM who had experienced SH showed an increased risk of mortality. In a 5-year follow-up study of the ADVANCE study, the mortality rate was 19 .5% in those who had experienced at least one episode of SH and 9.0% in those who had not (HR, 3.27; 95% CI, 2.29 to 4.65) [27] . Similarly, in retrospective epidemiological analyses from the ACCORD study, the mortality rates in participants who experienced at least one SH were also greater than those who had not experienced any episodes of SH across both study arms (HR, 1.41; 95% CI, 1.03 to 1.93) [38] . In VADT, a recent SH event was the strongest independent predictor of death at 90 days [39] . In the Outcome Reduction with an Initial Glargine Intervention (ORIGIN) trial, the incidence of allcause mortality, cardiovascular mortality, and arrhythmic death in patients who had SH episodes was significantly higher than the incidence in people without SH during the median follow-up of about 6 years [40] . In a recent study from the Hong Kong Diabetes Registry, patients with SH had a threefold higher incidence rate of mortality [33] . We also analyzed the prospective data from the hospital-based cohort for 10 years and reported that the experience of SH significantly increased the risk of all-cause mortality (HR, 2.64; 95% CI, 1.39 to 5.02) and cardiovascular mortality (HR, 6.34; 95% CI, 2.02 to 19.87) [41] . A possible potential mechanism of increased mortality during the SH event is considered to be mainly associated with cardiovascular complications. For example, it is possible that the association between SH and death may be related to increased risk of dysrhythmia, thrombogenesis, inflammation, and vasoconstriction [27] .
Although the association of SH and increased mortality was reported consistently, a direct causal relationship and interaction with SH, intensive treatment, and mortality cannot be established with certainty. In both the ACCORD and ADVANCE studies, mortality in patients who experienced SH was higher in the group with conventional treatment than in the group with intensive treatment [27, 38] . Also, recurrent hypoglycemia in the intensive treatment group did not associate with an increased risk of mortality [27] . There was no interaction between SH, treatment intensity, and mortality. It is possible that SH reflects the effects of health status or coexisting disease and relates unmeasured confounding factors to enhance mortality in an indirect way [27] . More delicate and longer-term studies are needed to clarify the relationship between intensive treatment, SH, and mortality.
SH and cardiovascular disease
There are several cardiovascular responses during hypoglycemia. Sympathoadrenal activation generates the release of a large amount of catecholamines, and in combination with sympathetic neural activation, hemodynamic changes affect a marker influence on the cardiovascular system [14, 42] . Increased heart rate, changes in systolic and diastolic blood pressure, increased myocardial contractility, and changes in vascular elasticity related to hypoglycemia result in increased heart loading and interfere with coronary perfusion, especially in patients who have already had cardiovascular disease [43] . In addition, a previous report suggested that insulin-induced hypoglycemia provoked ischemic change in T2DM [44] . Catecholamine, other peptides including endothelin, or hormones which are released during hypoglycemia promote blood viscosity, platelet activation, and cell adhesion cause endothelial dysfunction, inflammation, and atherogenesis [45] .
Hypoglycemia can affect cardiac repolarization, altered STsegment and T-wave morphology and prolongation of the QT interval, which can be proarrhythmogenic [46, 47] . Also, there is evidence to the fact that atrial, ventricular ectopic beats can be shown during asymptomatic hypoglycemia [44, 48] . The report that ectopic beats were particularly prominent during the night when the participants were asleep is evidence to suggest that we take care of these patients to avoid hypoglycemia at night in patients undergoing diabetes care [49] .
Clinical studies have shown the relationship between SH and cardiovascular disease. In the ADVANCE study, SH was associated with an increased risk of major macrovascular events (HR, 2.88; 95% CI, 1.19 to 4.19) [27] . In a systematic review and meta-analysis of cohort studies that included 903,510 patients with T2DM, SH was associated with a 2-fold increased risk of CVD [50] . Recent retrospective Japanese reports showed that SH was strongly associated with the risk of CVD (HR, 3.39; 95% CI, 1.25 to 9.18) and an additional updated metaanalysis from 10 studies also showed the same results (pooled relative risk [RR], 1.91; 95% CI, 1.69 to 2.15) [51] . However, it is unclear whether hypoglycemic adverse effects on the cardiovascular system persist [28] . It is also possible that SH reflects the effects of coexisting conditions and unmeasured or incompletely quantified confounding variables and is a marker of an increased risk of adverse clinical outcomes, rather than a direct cause [52] .
SH and cognitive dysfunction
The status of chronic hyperglycemia is associated with an increased risk of cognitive impairment [29] . Thus, cognitive dysfunction or dementia is one of the important clinical outcomes in patients with T2DM. Although the mechanisms of progressive cognitive dysfunction in T2DM is probably multifactorial, hypoglycemic episodes may influence and provoke cognitive decline [53] . Studies on the relationship between hypoglycemia and dementia have been reported. However, the published results are inconsistent. One retrospective study showed that patients with single or multiple episodes had a stepwise increase in the risk of dementia (HR, 1.26; 95% CI, 1.10 to 1.49 in patients with one SH episode) (HR, 1.80; 95% CI, 1.37 to 2.36 in patients with two SH episodes) (HR, 1.94; 95% CI, 1.42 Taiwanese nationwide random sampling cohort study showed that the adjusted RR for dementia was 1.60 (95% CI, 1.19 to 2.14) in subjects with hypoglycemia compared to those without hypoglycemia [55] . SH can result in neurological sequelae, which may accelerate the process of dementia. Animal studies found that SH led to necrosis of neurons in the hippocampus and cortical regions [56] . Recurrent hypoglycemia can cause synaptic dysfunction, even in the absence of neuronal death [57] . SH also increases blood viscosity, and thrombogenic effects by releasing the catecholamines and other hormonal factors that can affect vascular compromise in the brain [45] . In consequence, SH induces focal neurological deficit and transient ischemic attacks, which may result in neuronal cell death [55] .
Others
Previous studies reported the risk for fall and for fall-related injury among patients who experienced SH. In a Taiwanese cohort study, the adjusted HR was 1.57 for diabetes with a history of SH as compared to those without [58] . Another study reported an elevated risk of fall associated with a history of hypoglycemia (adjusted HR, 1.36; 95% CI, 1.13 to 1.65) [59] . In addition, the anxiety and depression presented in patients with hypoglycemia has been noted previously [60] . Frequent blood glucose testing, fear of hypoglycemia, and concern about driving or sleeping makes for a lower quality of life in patients who have experienced an SH event. The studies reporting adverse clinical outcomes of SH are summarized in Table 2 .
CONCLUSIONS
Hypoglycemia reduces the quality of life, raises medical costs, and sometimes can lead to fatal outcomes. Thus, identifying the risk factors to prevent SH is a critical issue in T2DM. Healthcare providers should recognize the importance of identifying the patients' risk factors. In order to minimize the adverse consequences of SH, high-risk patients with SH should receive an individualized glycemic target, safer drugs for hypoglycemia, and intensive education about hypoglycemia.
